The aim of this study was to investigate whether daily quantitative nutrient management (QNM) consumed less nutrients without decreasing yields than conventional electrical conductivity (EC)-based management at a given leaf area index (LAI) in tomato rockwool hydroponics. Plants in a greenhouse were supplied with low (QNM-L) or high (QNM-H) daily amounts of nutrients at a given daily water uptake for QNM treatments and with a nutrient solution at a constant EC with an open system for EC-based management from April to August 2010. Variation of LAI was obtained by varying plant density in each nutrient supply treatment. When compared at the same plant density, the amount of nutrients supplied during the experiment and cumulative total fruit yield were significantly lower in QNM treatments than in EC-based management associated with a lower LAI. In the relationship between fruit yields or nutrient supply per unit ground area and LAI, the total and marketable fruit yields and nutrient supply increased linearly with the increasing LAI in all treatments. At a given LAI, QNM-L supplied the least nutrients per ground area followed by QNM-H, and EC-based management supplied the most. In the total or marketable fresh fruit yield per unit ground area, there was no significant difference in slope or intercept among the three treatments, indicating that fruit yields on a ground area basis can be accounted for by LAI irrespective of the nutrient supply treatment. The conclusion is that daily QNM was more nutrient-efficient than EC-based management without lowering fruit yields if the same LAI was achieved. Although QNM and EC-based management gave a comparable marketable yield at a given LAI, QNM treatments yielded more marketable fruits with smaller individual fruits than EC-based management, implying that the relationship between the fruit number and individual fruit weight is a trade-off at a given LAI.
ronmental aspects. However, as there is currently no regulation for the control of farm effluents in Japan, nutrient solutions not absorbed by plants are not necessarily recycled. Such inefficient use of nutrients is wasteful and costly for growers. Even if surplus nutrients are recirculated, periodic nutrient composition analysis is required to maintain the nutrient balance, forcing growers to depend on commercial analytical services. Moreover, the disposal of nutrient solution from a greenhouse without recovering inorganic compounds is not ecologically feasible (Böhme, 1995) .
Quantitative nutrient management (QNM) was recently proposed for using inorganic nutrients efficiently in tomato (Terabayashi et al., 2004; Hosoi and Hosono, 2005; Nakano et al., 2006 Nakano et al., , 2010 and spinach (Maruo et al., 2001) hydroponics. In QNM, the nutrient requirement amount of plants during a defined period (e.g., a day or a week) is predicted and set in advance. The nutrient solution is supplied to plants during the defined period without any further additional nutrient supply. The electrical conductivity (EC) of the solution is not adjusted, surplus nutrients are retained and periodic nutrient composition analysis is not essential. We applied daily QNM, in which the daily water uptake by plants was used as an index to predict their daily nutrient demand, to greenhouse tomato hydroponics grown under the deep-flow technique (DFT) (Nakano et al., 2006) and in rockwool culture under ambient and elevated (Matsuda et al., 2010) CO2 conditions. The studies showed that daily QNM can reduce the nutrient supply without lowering fruit yields or quality when compared to conventional electrical conductivity (EC)-based management.
In those works (Nakano et al., 2006 Matsuda et al., 2010) , fruit yields and nutrient supply under daily QNM were compared with those under EC-based management with the same plant density. Since QNM limits the amount of nutrient supply, the leaf area of a plant under QNM is in general smaller than that under EC-based management Matsuda et al., 2010) . The leaf area index (LAI) therefore becomes smaller under QNM when compared at the same plant density. The advantage of QNM is sometimes considered to be this effect of "preventing excess vegetative growth" (Nakano et al., 2006 . However, this effect can become advantageous or not, depending on how many plants are grown per unit ground area. It is known that the fraction of light intercepted by the tomato canopy shows a positive, saturating-type response to increased LAI; it increases with the increasing LAI until 3-4 m 2 m -2 but any further increase in LAI has only a marginal effect on canopy light interception (Heuvelink and Dorais, 2005) . Fruit yields similarly respond to LAI (Hosoi, 2003) , reflecting the fact that there is a linear relationship between fruit yields and solar radiation incident on tomato crops (Cockshull et al., 1992) . These facts let us hypothesize that a lower plant leaf area under QNM is advantageous only at a high plant density while at a low plant density, a higher leaf area under EC-based management is profitable. Namely, under dense planting conditions, plants with an excess LAI under EC-based management could require more nutrients than those under QNM on a ground area basis to support growth of larger leaves. The excess LAI does not contribute any more to increasing canopy light interception and thereby fruit yields per unit ground area. On the other hand, under sparse planting conditions, it is possible that plants with an insufficient LAI under QNM have an insufficient light interception than those under EC-based management, leading to lower fruit yields. Thus, it is not fair to compare QNM with EC-based management at a single plant density. To determine whether QNM actually brings about more efficient use of nutrients without lowering yields on a ground area basis, not on a plant basis, nutrient supply and fruit yields should be evaluated with plants having the same LAI. However, such an evaluation has not been carried out, and it is not known whether nutrient supply and yields are different between QNM and EC-based management when compared at a given LAI. This study aimed to answer the following two questions: 1) Does daily QNM consume a smaller amount of nutrients than EC-based management at a given LAI 2) Does daily QNM yield comparably to EC-based management at a given LAI Variation of LAI was obtained by varying plant density, and the relationship between nutrient supply, fruit yields, or some yield characteristics per unit ground area and LAI was analyzed.
Materials and Methods

Plant material and growth conditions
Grafted tomato (Solanum lycopersicum, scion: 'Reiyo'; rootstock: 'Block') plants were grown hydroponically with a high-wire system in a greenhouse in Taketoyo, Chita, Aichi, Japan (34°85'N, 136°91'E) from March to August 2010.
Grafted seedlings with 3-4 true leaves were obtained on 1 March from a commercial seedling supplier (Berg Earth Co., Ehime, Japan), grown in 128-cell plug trays in a plastic house. These seedlings were sub-irrigated with water for 2 d in the greenhouse then transplanted to rockwool blocks (Grodan Delta, Grodan BV, Roermond, the Netherlands) and grown for 21 d. A nutrient solution (Otsuka House Solution A, Otsuka Chemical Co., Ltd., Osaka, Japan) at 0.8 dS m -1 EC was automatically supplied using a drip irrigation system. On 24 March, seedlings were transplanted to rockwool slabs (Grodan Expert, Grodan BV) at different plant densities as described in the following section and were provided with 0.8 dS m -1 EC nutrient solution, with a composition which was described in Matsuda et al. (2010) . From 1 June, old leaves were pruned so that approximately 20 leaves longer than 10 cm were retained per plant. Lateral shoots were removed on a weekly basis. Fruits were pruned to four per truss. Until 1 July, flowering trusses were vibrated mechanically for 1 s three times a week using an electric device to promote pollination. After 2 July, a 4-chlorophenoxy acetate-containing solution (Tomato Tone, ISK Biosciences K. K., Tokyo, Japan) was sprayed on young flowers to promote fruiting.
The greenhouse used was the same as described in Matsuda et al. (2010) . Ducted warm air was provided at floor level when the air temperature was lower than 12 . Roof and side windows were used for natural ventilation, which were operated automatically based on the air temperature inside the greenhouse. A shading screen was expanded when solar radiation outside the greenhouse exceeded 800 W m -2
. From the beginning of the experiment to 20 April, pure CO2 was supplied through a perforated plastic tube placed above the wire to increase CO2 concentration inside the greenhouse to 700 to 800 µmol mol -1 between 6:00 and 16:00, except when windows were open. After 20 April, CO2 concentration was not regulated.
The air temperature and relative humidity were measured using a humidity and temperature probe (HMP45C, Vaisala Oyj, Helsinki, Finland) located in the center of the greenhouse at a height of 2 m. The vapor pressure deficit (VPD) was calculated from the air temperature and relative humidity. Solar radiation was measured using a pyranometer (S-1-4, Ohta Keiki Seisakusho, Tokyo, Japan) located in the center of the greenhouse above the shading screen. The CO2 concentration was measured using a CO2 sensor module (K22-LO, Sakaki Corporation, Osaka, Japan) located in the center of the greenhouse at a height of 2 m. The averages of every 10 min were recorded in a data logger (CR-10X, Campbell Scientific, Inc., Logan, UT, USA) throughout the experiment.
Treatments
From 7 April, plants were grown in one of three treatments: QNM-L, QNM-H or EC-based management. For the QNM treatments, plants were supplied with low (QNM-L) or high (QNM-H) daily amounts of nutrients at a given water uptake averaged over the previous 3 d (Fig. 1) , both of which were determined as suitable for tomato rockwool hydroponics (Matsuda et al., 2010; Nakano et al., 2010) . The nutrient supply for the two QNM treatments were controlled using the automatic QNM system with the QNM server and client controller prototypes (Otsuka Chemical Co., Ltd., Osaka, Japan) as described in detail in Matsuda et al. (2010) . The EC-based management was an open system and drainage was not recycled. In each treatment, the plant density was varied by changing the number of plants per rockwool slab (900 mm long) between three and eight: 2.34, 3.51 and 4.68 plants m -2 (4, 6 and 8 plants per slab) for QNM-L, 2.34, 2.92 and 3.51 plants m -2 (4, 5 and 6 plants per slab) for QNM-H, and 1.75, 2.34, 2.92 and 3.51 plants m -2 (3, 4, 5 and 6 plants per slab) for EC-based management (Table 1) . These plant densities were determined so that the variation . The plant densities for EC-based management ranged to cover the conventional density of 2 plants m -2 for greenhouse tomato production in Japan (Haneishi and Ishihara, 2005) . There were six slabs per plant density for QNM-L and H and 10 slabs per plant density for EC-based management. Randomly selected plants were used for measurements and each plant was considered as a single experimental unit.
As the initial solution, a nutrient solution (Matsuda et al., 2010 ) at 1.2 dS m -1 was supplied for both QNM and EC-based management. The EC of nutrient solution for EC-based management was gradually increased to 1.6 dS m -1 until 20 April and was thereafter maintained at the same level. The solutions in circulation tanks for QNM were replaced once with a fresh nutrient solution (EC 1.6 dS m -1 ) as supplied for EC-based management on 7 June. All plants were supplied with nutrient solutions once per hour from 6:00 to 17:00. The daily amount of nutrient solutions supplied per plant was increased from 0.7 to 3.0 L during the experiment by extending the time of every supplying event.
Measurements
The EC of circulating nutrient solution was measured using conductivity and temperature probes (CS547, Campbell Scientific, Inc.). The averages of every 10 min were recorded in the data logger described above throughout the experiment. The EC in the rockwool slabs was measured once a week using a water content meter (WCM-Control, Grodan BV).
The leaf area was destructively measured twice on 21 June and 3 August with an area meter (AAC-400, Hayashi Denko, Tokyo, Japan). Three plants per treatment were harvested in each measurement. The LAI was calculated by multiplying the leaf area of a plant by the plant density and was averaged irrespective of the measurement date for each treatment and plant density. Individual mature fruits were harvested and weighed once or twice a week from 7 May. Fruit showing physiological disorders such as blossom-end rot (BER), cracking and misshapen fruits were considered unmarketable, and the remaining normal fruits were defined as marketable.
Statistical analyses
Significant differences in means among nutrient supply treatments were tested by the F test followed by the least significant test (LSD) using statistical software (JMP Ver 8.0.2, SAS Institute Inc., Cary, NC, USA). Significant differences in first-order regression coefficients (slope and intercept) among treatments were tested by the analysis of covariance (ANCOVA) (Sokal and Rohlf, 1995) followed by LSD. Significant differences in intercept were tested only if there were significant differences in slope. The same regression line was applied to two or three treatments if there were significant differences in neither slope nor intercept.
Results and Discussion
The mean daytime air temperature was 13-37 and the mean nighttime air temperature was 13-30 during the experiment (Fig. 2A) . The highest temperature in a day sometimes reached or exceeded 30 throughout the experiment (Fig. 2A) . The mean daytime VPD varied below 2.0 kPa, except for a few days (Fig.  2B) . The daily integral of solar radiation inside the greenhouse on sunny days was between 12 and 17 MJ m -2 d -1 (Fig. 2C) . The mean daytime CO2 concentration inside the greenhouse was increased to 600 200 µmol mol -1 until 20 April and was thereafter close to the ambient level (Fig. 2D) .
The EC of the circulating nutrient solution before starting irrigation in a day in QNM treatments gradually increased throughout the experiment, reaching 4.3 and 11.6 dS m -1 in QNM-L and H, respectively (Fig.  3A) . Similarly, the EC in the rockwool slabs increased to 4.9 and 6.2 dS m -1 in QNM-L and H, respectively (Fig. 3B) . This indicates that the nutrient supply in QNM treatments exceeded plant nutrient demand. Nakano et al. (2010) reported that QNM with a large Fig. 1 for treatment codes. daily supply of nutrients increased EC in rockwool slabs associated with increases in concentrations of most macronutrients. In EC-based management, although the nutrient solution EC was maintained at a constant 1.6 dS m -1 (Fig. 3A) , the rockwool slab EC slightly increased from the middle of July, reaching 3.7 dS m -1 (Fig. 3B) . The plant water demand might exceed water supply in this season as pointed out by Nakano et al. (2006) , accumulating nutrients in the medium. In spite of the high EC, visible disorder was not observed in the plants in any treatments (data not shown).
The LAI, nutrient supply, and total and marketable fruit yields were compared among treatments at two common plant densities: 2.34 and 3.51 plants m -2 . At both plant densities, LAI was significantly higher in EC-based management than QNM treatments (Table 2) due to a higher leaf area of the plant. The cumulative nutrient supply in EC-based management was more than twice as much as those in QNM treatments ( Table  2 ). The weekly total and marketable fruit yields varied irrespective of the treatment and plant density (Fig.  4) . Unmarketable fruits consisted of 12-49 (fruitnumber basis) of BER, 10-26 cracked, and 0-3 of misshapen fruits relative to the total harvested fruit number (data not shown). The cumulative total fruit m -2 while at 3.51 plants m -2 EC-based management yielded significantly more marketable fruits than QNM treatments (Table 2) . Thus, when compared at certain plant densities, total or marketable yield can be lower under QNM than under EC-based management associated with a lower LAI. Between QNM-L and H, there were no significant differences in any of these measured items. Figure 5 shows the relationship between the amount of nutrient supplied on a ground area basis during the experiment and LAI. The nutrient supply on a ground area basis linearly increased with increasing LAI in Fig. 1 for treatment codes. Table 3 for regression coefficients, coefficient of determinations and the results of ANCOVA.
yield was significantly higher in EC-based management than QNM treatments at both plant densities ( Table  2 ). The marketable fruit yield was not significantly different among the three treatments at 2.34 plants all treatments. The ANCOVA indicated that plots for the three treatments were regressed with significantly different lines, respectively (Table 3) . When compared at a given LAI, QNM-L supplied the least nutrients per ground area followed by QNM-H, and EC-based management, which supplied the most. In other words, less amounts of nutrients were required in QNM-L and H than in EC-based management to achieve the same LAI. In addition, considering that nutrient supply was in excess in QNM treatments (Fig. 3) , the amount of nutrient supply could be reduced further in QNM treatments. The cumulative total (Fig. 6A ) and marketable ( Fig.  6B ) yields linearly increased as LAI increased to 4.5 m 2 m -2 in all treatments and the saturating point was not observed, suggesting that the optimal LAI for fruit yields was higher than 4.5 m 2 m -2
. Since this experiment was conducted from spring to summer, high solar radiation should partly be responsible for the substantially high optimal LAI. In either total or marketable fresh fruit yield per unit ground area, all plots fell into the same regression line (Table 3) . This means that, although there were significant differences in the total and marketable yields between QNM and EC-based management when compared at the same plant density (Table 2) , they can be accounted for by the difference in LAI irrespective of the nutrient supply procedure. Note that, as the leaf area of a plant in QNM treatments was smaller than that in EC-based management, denser planting was required for QNM to achieve the same LAI as for EC-based management. The harvest index (the ratio of cumulative fruit DW to cumulative total DW without pruned-leaf DW) was 0.42-0.46 and dependent on neither nutrient supply treatment nor LAI (data not shown).
The marketable fruit yield per unit area can be expressed as the product of two components: the marketable fruit number per area and the average fresh weight per marketable fruit. Although marketable fruit yield at a given LAI did not differ among treatments (Fig. 6B) , the two components influencing marketable fruit yield did differ between QNM and EC-based management: the marketable fruit number per area was higher under QNM than under EC-based management at a given LAI (Fig. 7A, Table 3 ) while marketable fresh fruit weight was higher under EC-based management than under QNM at a given LAI (Fig. 7B, Table 3 ). There was no significant difference between QNM-L and H (Table 3) . Thus, although QNM and EC-based management gave the comparable marketable yield at a given LAI, QNM yielded more marketable and smaller individual fruits than EC-based management. This implies that the relationship between the fruit number and individual fruit weight is a trade-off at a given LAI. The lower marketable fresh fruit weight in QNM treatments than EC-based management (Fig.  7B ) may be related to the excess nutrient supply in QNM treatments (Fig. 3) . Nakano et al. (2010) observed that the average fruit fresh weight was high under nutrient-limiting conditions in QNM. Conversely, excess nutrient supply could decrease fruit fresh weight due to osmotic stress. In QNM, marketable fruit weight decreased as LAI increased while in EC-based management it was constant irrespective of LAI (Fig. 7B) . The reason for this difference is not known. Further research is needed on fruit growth Table 3 for regression coefficients, coefficient of determinations and the results of ANCOVA.
characteristics under QNM. We further divided the marketable fruit number per area into two components: the total fruit number per area and the ratio of marketable fruit number to the total fruit number. In the total fruit number, QNM-H was significantly higher than EC-based management at a given LAI (Fig. 8A, Table 3 ). In the marketable fruit ratio, QNM-L was significantly higher than EC-based management at a given LAI (Fig. 8B, Table 3 ). It appeared that at an LAI lower than 3 m 2 m -2
, the higher total fruit number in QNM treatments contributed to the higher marketable fruit number, while at an LAI higher than 3 m 2 m -2
, the higher marketable fruit ratio in QNM treatments led to the higher marketable fruit number. As fruits were pruned to four per truss in every plant irrespective of the treatment, the higher fruit number per unit area in QNM treatments (Fig.  8A ) was due to the higher plant density (or the higher number of fruit truss) at a given LAI. On the other hand, the reason for the higher marketable fruit ratio in QNM treatments (Fig. 8B) was not determined in this study. The higher marketable fruit ratio in plants grown under QNM was also observed in our previous experiments with tomato grown in rockwool (Matsuda et al., 2010; Nakano et al., 2010) . Most unmarketable fruits in QNM-L and H were BER (data not shown). BER is in general closely related to Ca deficiency in fruit (Saure, 2001) . The allocation of inorganic nutrients such as Ca to fruits should be studied in future work to clarify the mechanism underlying the higher marketable fruit ratio under QNM.
In conclusion, we clearly demonstrated that, at a Fig. 1 for treatment codes. given LAI, QNM-L and H consumed significantly smaller amount of nutrients than EC-based management, while both QNM treatments yielded comparably to EC-based management. Daily QNM was thus more nutrient-efficient than EC-based management without lowering fruit yields if the same LAI was achieved by dense planting. The two QNM treatments yielded more marketable and smaller individual fruits than EC-based management at a given LAI. To obtain larger individual fruits under QNM, pruning fruits per truss less than what is employed under EC-based management can work, considering that the relationship between fruit number and individual fruit weight may be a trade-off at a given LAI.
The generally low ratio of the marketable fruit number to the total fruit number in this experiment (Figs. 4, 8A , 33-67 ) may partly be ascribed to the relatively high temperatures during the experiment (Fig. 2A) . The marketable fruit ratio decreased as the LAI decreased in all treatments, as low as 33-39 at an LAI of 2 (Fig. 8B) . The lowered marketable fruit ratio along with the decrease in LAI in EC-based management was largely due to cracked fruits, while in QNM-L and H it mainly resulted from BER fruits (data not shown). Possible explanations of this substantially high unmarketable fruit ratio at a low LAI include an increase in direct solar radiation incident on fruits and/or a decrease in the amount of canopy transpiration per unit ground area. Under the condition of low LAI, fruits tend to be exposed to direct sunlight and may thus be susceptible to cracking (Dorais et al., 2004) . The lower canopy transpiration due to the low LAI may increase the local temperature around the fruits, Table 3 for regression coefficients, coefficient of determinations and the results of ANCOVA.
which could be related to the enhanced occurrence of BER (Saure, 2001) . Among those tested here, QNM-L at a plant density of 3.51 m -2 was the best in terms of the highest marketable yield with a relatively small nutrient supply. However, with regards to the fact that no saturating point was found in the relationship between yields and LAI (Fig. 6) , a denser planting might work better in this season. On the other hand, the optimal LAI for yields differs depending on season (Hosoi, 2003) , mainly due to changes in solar radiation. To better control plant growth under QNM, estimating LAI automatically and continuously and feedbacking it to the QNM controller would be useful to adjust the nutrient application rate appropriately. In future work, a non-destructive, reliable and cost-effective method for LAI estimation should be developed and incorporated into the QNM tomato hydroponic system in a greenhouse.
